INTRODUCTION
Population differentiation is often initiated by the emigration of small groups of animals at the edge of a species' range. Such groups generally experience subsequent abundance fluctuations for shorter or longer periods of time (Brown, 1984) . Small effective population size is common initially, and can reoccur at population lows, which can cause founder effects, bottleneck effects, and genetic drift (Schwartz et al., 2003) . The factors influencing such genetic forces and the actual dynamics of the small populations themselves are numerous, i.e. high mortality connected to overwintering, oscillations in food abundance, anthropogenic disturbance, severe epidemics, etc. (Hoelzel, Campagna & Arnbom, 2001; Kretzmann, Gemmel & Meyer, 2001 ). However, the genetic diversity of marginal populations is also affected strongly by the dispersal pattern and social structure of the species in question, because they can be influenced readily by immigration from nearby more abundant populations (Frankham, Ballou & Briscoe, 2002; Sagarin & Gaines, 2002) . Population and conservation genetics theory predict that periods of small population size can lead to loss of genetic diversity and altered population substructure (Frankham, 1996; Frankham et al., 2002) . Reduced genetic diversity can influence individual fitness and thereby population viability because the probability of inbreeding depression increases with decreased diversity (AcevedoWhitehouse et al., 2003; Reed & Frankham, 2003; Valsecchi et al., 2004; Weber, Stewart & Lehman, 2004) . It is therefore crucial to examine the genetic diversity and structure of small, isolated populations, especially those at the edge of their distributional range (Markham, 1996; Jernvall & Wright, 1998; Hansen et al., 1999) , in part because such populations provide insight into consequences of population declines in a broader conservation context.
Harbour seal (Phoca vitulina) populations have recently experienced periods of marked decline in the North Pacific (Boveng et al., 2003; Mathews & Pendleton, 2006) , the north-west Atlantic (Bowen et al., 2003) , and most recently in the north-east Atlantic (Thompson, Van Parijs & Kovacs, 2001; Lonergan et al., 2007) . These declines are not associated with phocine distemper virus (PDV) epidemics, such as those that swept the European coasts in 1988 and 2002 (Härkönen et al., 2006) , and pollution burdens in northern P. vitulina are quite low compared with their southern counterparts (e.g. Aguilar, Borrell & Reijnders, 2002; Wolkers, Lydersen & Kovacs, 2004; Wang et al., 2007) . These precipitous declines have been attributed to climate-change induced regime shifts, concomitant shifts in predator-induced mortality on P. vitulina, altered competitive stress, and unknown causes (e.g. Aguilar et al., 2002; Wolkers et al., 2004; Wang et al., 2007) . The current situation for P. vitulina in the north-east Atlantic Arctic is not well known. But, in south-east Greenland, Iceland, and northern Norway, P. vitulina numbers are low compared with former times, and some populations appear to be currently in decline (Hauksson, 1992 (Hauksson, , 2006 Teilmann & Dietz, 1994; Henriksen, Gjertz & Kondakov, 1997; Nilssen et al., 2010; Rosing-Asvid, 2010) . The situation appears to be most critical in Greenland, where aerial surveys taken in 1992 and 1993 suggested that only a handful of former haul-out sites were still in use, and that the numbers of seals at these sites was very low (Teilmann & Dietz, 1994) . On Svalbard, surveys conducted in the 1980s suggested that the population size in this area was around 500-600 individuals (Prestrud & Gjertz, 1990) , but more recent estimates based on direct counts suggest that there are 1000 or more individuals (Lydersen & Kovacs, 2010) . Phoca vitulina are harvested/culled in coastal regions of all of the Nordic countries with ocean territories in the north-east Atlantic Arctic. The only protected population in this area resides in Svalbard. It is the world's northernmost population of the species, and is on the Norwegian Red List, but its actual genetic status has never been determined. The objectives of the present study were: (1) to determine the genetic diversity of P. vitulina populations on the northern edge of their distribution from Greenland, Iceland, northern Norway, and Svalbard; (2) to determine the population structure and gene flow amongst these populations; (3) to investigate whether the observed declines can be detected as genetic bottlenecks; and (4) to determine the genetic history of Svalbard's P. vitulina.
MATERIAL AND METHODS

SAMPLING SITES
Tissue samples were collected from all known arctic populations of P. vitulina in the north-east Atlantic. A total of 174 samples were analysed, including: 21 samples from Greenland (sampled at a tannery in Greenland); 34 samples from Iceland (18 tissue samples from seals shot in Iceland and 16 tissue samples that came from seals collected in Iceland that were sampled at the Greenlandic tannery); 59 tissue samples from Troms County in northern Norway; and 60 blood samples from Svalbard ( Fig. 1 ; Table 1 ).
MATERIAL AND SAMPLING
The 174 individuals were analysed using 15 variable microsatellite loci. Some of the markers were species specific for P. vitulina [Goodman, 1997: SGPB10, SGPV11, SGPV2 , TA (annealing temperature) = 55°C], whereas the remainder were developed initially for other pinniped species (Coltman, Bowen & Wright, 1996 : PCV43, TA = 48°C; Gemmell et al., 1997: BG, TA = 94°C; Burg, Trites & Smith, 1999 : TBPV2, TA = 50°C; Davis et al., 2002: LC18, H-20, LW11, LW30, LW7, LC26, TA = 47°C; Allen et al., 1995: HG6.1, HG6.3, HG8.10 , TA = 52°C). DNA was extracted using the procedure described by Andersen, Fog & Damgaard (2004a) , and PCR amplifications were initialized with 3 min of denaturation, at 95°C, followed by 35 cycles with denaturation at 94°C for 45 s, annealing at TA for 45 s, and an extension at 72°C for 20 s, and finally, a 10-min extension at 72°C ended each reaction (see TA above). PCR products were run on a polyacrylamide gel and typed using an ABI PRISM 377 DNA sequencer. Displacement loop region (D-loop) variation was quantified using the primers PvH00034 (5′-TACCAAATGCATGACACC ACAG-3′) (Westlake & O'Corry-Crowe, 2002 ) and L15926 (5′-ACACCAGTCTTGTAAACC-3′), modified based on Kocher et al. (1989) , and both were sequenced using MACROGEN Inc.
ANALYSES
Genetic variation was estimated as observed and expected heterozygosity and allele richness in MSA (Dieringer & Schlötterer, 2003) and FSTAT (Goudet, 2001) . Tests for goodness of fit to Hardy-Weinberg expectations (HWEs) were performed in GENEPOP (Raymond & Rousset, 1995) , testing for heterozygote deficiencies as well as heterozygote excess. The significance values were computed using Fisher's exact test and Markov chain Monte Carlo (MCMC) methods (Guo & Thompson, 1992) . MICRO-CHECKER v2.2.1 (Van Oosterhout et al., 2004) was used to identify possible genotyping errors (i.e. stuttering, large allele dropout, and null alleles).
Sequences were analysed using SEQUENCHER v4.2 (Gene Codes Corp. Ann Arbor, MI, USA). Identical haplotypes amongst the sequences were found using POPSTR, a software package developed by H.R. Siegismund (pers. comm.) . New haplotypes were deposited in GenBank (accession no. HQ153107-HQ153145). Variation in the D-loop was estimated as haplotype diversity (HD) and nucleotide diversity (p) (Nei, 1978) , using ARLEQUIN (Schneider, Roessli & Excoffier, 2000) .
EFFECTIVE POPULATION SIZE AND SELECTION
Effective population size was estimated using LDNE (Waples & Do, 2008) . The method is based on linkage disequilibrium and depends on random associations of alleles at different loci. The composite Burrows method was used to calculate the squared correlation of allele frequencies at pairs of loci (r 2 ) using LDNE (Waples & Do, 2008) , which implements the bias correction method described by Waples (2006) . Alleles with a frequency Ն 0.02 were used to minimize possible bias (Waples & Do, 2008) . FDIST2 (Beaumont & Nichols, 1996) was used to test if some of the loci used were under selection. This method builds the neutral expected distribution of FST based on the heterozygosity and coalescence simulations, and compares this modelled distribution of FST with the observed FST distribution. The simulation was based on 50 000 realizations, assuming a stepwise mutation model. It must be noted that the method has reduced power when sample sizes are small (Beaumont & Nichols, 1996) .
POPULATION STRUCTURE
The number of populations represented in the samples was estimated using an MCMC method that clusters individuals to minimize Hardy-Weinberg disequilibrium and gametic phase disequilibrium between loci (STRUCTURE v2; Pritchard, Stephens & Donnelly, 2000) . The results of the tests were based on 1 000 000 iterations and three runs. All samples were pooled, and were assumed to have originated from between one and six populations without using prior information on sample origin. The suggested structure (the number of populations) is revealed by the increasing log-likelihood values for the clustering of the data. The clusters of individuals forming the number of populations with the highest likelihood were assigned to the sampling localities. Individuals with q > 0.79 (admixture proportions) and a 90% confidence interval (90% CI) between 0.1 and 1 were assigned to their original sampling area. Individuals rejected from their sampling area had a q < 0.2 and a 90% CI of between 0 and 0.9. The remaining individuals in the suggested populations were assigned according to the highest q value, but with a wide 90% CI of 0-1 (Vähä & Primmer, 2006) .
The degree of population differentiation was analysed in ARLEQUIN v2.0 (Schneider et al., 2000) after 10 000 permutations. Both F ST statistics (infinite allele mutation model, IAM) and RST statistics (stepwise mutation model, SMM) were employed (Weir & Cockerham, 1984; Slatkin, 1995; Michalakis & Excoffier, 1996; Weir, 1996) to estimate the genetic variability between populations. An AMOVA was run grouping the populations as suggested by the STRUC-TURE analysis.
The population structure based on D-loop variation was examined by conventional F statistics from haplotype frequencies (Weir & Cockerham, 1984) and by F statistics including a genetic distance between the haplotypes in the different sampling areas (Excoffier, Smouse & Quattro, 1992) . The genetic distance used between the mitochondrial DNA (mtDNA) sequences was Tamura & Nei's (1993) distance measure (as suggested by Stanley et al., 1996) , with the gammadistribution correction estimated from the data. These estimates were all run for 10 000 permutations over individual haplotypes among populations, and were tested using ARLEQUIN (Schneider et al., 2000) .
RECENT MIGRATION DIRECTIONS
To estimate the direction and rate of migration over the most recent generations among the putative P. vitulina populations, a Bayesian multilocus genotyping method implemented in BAYESASS was applied (Wilson & Rannala, 2003) . This method does not assume that populations are at genetic equilibrium, or that genotypes are distributed according to the Hardy-Weinberg equilibrium, but the loci in the parent populations are assumed to be in linkage equilibrium. The method is based on MCMC methods to estimate the posterior probabilities of the migration matrix among subpopulations (Wilson & Rannala, 2003) . Convergence was achieved after 6 ¥ 10 6 MCMC iterations and a burn-in of 2 ¥ 10 6 steps. The data were run three times, and the run in which the log likelihood peaked was chosen. The analysis of migration direction was conducted based on the results of the STRUCTURE and AMOVA analyses, grouping populations differently according to their source of origin.
HISTORICAL POPULATION DEMOGRAPHY
Historical demographic population fluctuations were explored using the neutrality of mutations in the control region, tested using Tajima's D-test of selective neutrality (Tajima, 1989 ) and Fu's FS (Fu, 1997 (Rogers & Harpending, 1992 ) also suggests that a population has expanded recently or experienced a bottleneck, because the individual nucleotide difference between the haplotypes for both scenarios shows identical divergence patterns (Slatkin & Hudson, 1991; Rogers & Harpending, 1992) . If the distribution pattern is multimodal or 'ragged', the population is expected to be stable or declining slowly (Slatkin & Hudson, 1991) . The mismatch distributions were tested statistically by estimating the goodness of fit between observed and expected distributions using the parametric bootstrap (1000) approach in ARLEQUIN (Schneider et al., 2000) . The
A POPULATION ON THE EDGE: P. VITULINA 423 test statistic used was the sum of square deviations (SSDs) between observed and expected distributions, calculating P values as the proportion of simulations producing a larger SSD than the observed SSD. The raggedness index was calculated to quantify the smoothness of the mismatch distribution, and the significance was evaluated in ARLEQUIN, similar to SSD.
BOTTLENECK
Because the Svalbard P. vitulina population is likely to have been initiated by a small number of animals, and because P. vitulina populations are known to fluctuate in an extreme manner, with epidemics in some areas, bottleneck events were explored using BOTTLENECK v1.2 (Piry, Luikart & Cornuet, 1999) , and genetic diversity was explored in more general terms by comparing allele richness between defined populations using a single-factor ANOVA test. Following a decline in population size, a reduction in allele numbers occurs faster than the loss of heterozygosity, resulting in an apparent heterozygosity excess (Cornuet & Luikart, 1996) . Under the assumption of the two-phase mutation model (TPM) (Di Rienzo et al., 1994) , allowing for 90% single-step mutations and 10% multistep mutations, and a variance of 12%, the test for bottlenecks was performed using the Wilcoxon test implemented in BOTTLENECK v1.2 (Piry et al., 1999) . The Wilcoxon test evaluates whether the number of loci with heterozygote excess is larger than expected to occur by chance alone: it is non-parametric, so is better suited for analyses involving few loci compared with the standard deviation test that is also available within BOTTLENECK, but which is ideally performed with 20 or more loci (Andersen et al., 2009 (Takezaki & Nei, 1996) . Over short or recent time scales it gives a more correct tree topology compared with Nei's (1972) standard genetic distance, which is more appropriate for assessing population divergence over an evolutionary timeframe (Takezaki & Nei, 1996) . The tree was constructed in TREEVIEW (Page, 1996) after bootstrapping 1000 times over loci in MSA (Dieringer & Schlötterer, 2003) , and was then analysed using NEIGHBOR in PHYLIP v3.6 (Felsenstein, 2004) . Phylogenetic relationships among the unique haplotypes were estimated using the software TCS (Clement, Poseda & Crandall, 2000) , which is based on the statistical parsimony method of Templeton, Crandall & Sing (1992) . This method links the haplotypes according to the smallest number of differences (mutations) defined by the 95% criterion, and identifies the most probable ancestral haplotype. Gaps were set as the fifth state, and the parsimony criterion was set at 95% (Clement et al., 2000) . The sequential Bonferroni procedure was applied in tablewide tests of HWE, with F ST and RST at the 5% significance level (Rice, 1989) .
RESULTS
The two Icelandic subsamples were not significantly different genetically [FST(14 loci) = 0.013, P = 0.104], and the samples were pooled in all further analysis. MICROSATELLITE DATA Genetic diversity measured by heterozygosity, allele richness, and number of alleles, as well as tests for HWEs are given in Table 2 . Levels of polymorphism across the loci varied. Average mean expected heterozygosity based on the 15 loci ranged from 0.5148 in the sample from Svalbard to 0.6071 in the sample from northern Norway. Allele richness showed an identical pattern, ranging from 2.88 in the Svalbard sample to 4.4 in the sample from northern Norway. Significant HWE deviations were observed in five out of 60 comparisons, after adjustment for multiple comparisons. The deviations where FIS > 0 indicated a heterozygote deficiency were observed at locus HG6.1 in the sample from Greenland, and at locus TBPV2 in the sample from northern Norway. Significant deviation from HWE caused by heterozygote excess (FIS < 0) was only observed in the Svalbard sample at loci HG6.1, SGPV10, and SGPV2 (detailed results, see Appendix 1). The possible causes for the heterozygote excess observed in the Svalbard sample were examined by estimating the effective population size using LDNE (Waples & Do, 2008) , and testing for selection looking for outliers using F ST (Beaumont & Nichols, 1996) in FDIST2. The effective sample size (Ne) for the Svalbard sample using alleles with a frequency of 0.02 was 90.5 (95% CI 38.9-2296.6). No loci were identified as FST outliers when testing for natural selection. Genotyping problems are difficult to rule out; however, MICRO-CHECKER did not detect the presence of null alleles in any of the loci in the Svalbard sample (data not shown). There was no general tendency for overestimation of heterozygotes at HG6.1 and SGPV2, whereas locus SGPV10 showed this tendency (data not shown). In general, indications of null alleles were observed at the TBPV2 (Norway), HG6.1 (Greenland), and SGPV2 (Iceland, Norway) loci that deviated significantly from HWE; at LC26 (Norway), and at LC18 and BG (Iceland), no significant deviation from HWE was observed.
MITOCHONDRIAL DATA
A total of 96 individuals were sequenced, including animals from all four putative populations ( Table 2) . The haplotype diversity, HD, ranged from 0.363 ± 0.131 in the Svalbard sample to 0.943 ± 0.019 in the sample from northern Norway, and the nucleotide diversity, p, ranged from 0.001 ± 0.001 in the Svalbard sample to 0.011 ± 0.007 in the south-east Greenland sample. Thirty-six segregating sites were observed in the 424-bp fragment, representing 41 haplotypes. Thirty-nine of these haplotypes have not been observed in earlier studies. These are shown in Appendix 2, together with the haplotypes found by Stanley et al. (1996) in the North Atlantic. Eight of the ten haplotypes found in the Icelandic sample were unique: one (PV3) was observed in the Greenlandic sample and one (PV4) was observed in the Norwegian sample. Nineteen of the 22 haplotypes found in the northern Norway sample were unique. In the southeast Greenland sample, seven of the eight haplotypes were unique (Appendix 2). In the Svalbard sample, three of the four haplotypes were unique. G1, the most common type, was also found in the northern Norway sample here, and by Stanley et al. (1996) .
POPULATION STRUCTURE
Excluding the four loci that deviated significantly from HWEs, the Bayesian clustering analysis in STRUCTURE suggested the presence of four clusters, representing the putative populations (sample localities). The output results from the highest posterior probability [k = 2, average ln Pr(X|K) (over three runs) = -3986.6; k = 3, average ln Pr(X|K) = -3847.1; k = 4, average ln Pr(X|K) = -3833.6; k = 5, average ln Pr(X|K) = -3976.8; k = 6, average ln Pr(X|K) = -4024.5) k = 4] are shown in Figure 2 , together with the probabilities of an individual belonging to a cluster. The assignment of individuals showed that 169 of the 174 P. vitulina were allocated to their sampling localities. All individuals sampled at Svalbard and in Greenland belonged to their respective sampling localities. Two individuals sampled from Iceland were assigned to Greenland, whereas two other Icelandic samples were assigned to Northern Norway and Svalbard, respectively. One individual sampled in northern Norway was assigned to Svalbard. The genetic structure of the populations was further analysed using AMOVA, and pairwise multilocus FST and RST estimations were obtained from variation at 11 microsatellite loci (Schneider et al., 2000) . The AMOVA results revealed statistically significant differences among the four populations (FST = 0.099, P < 0.00001), with 9.94% of the genetic variation distributed amongst the populations, and 90.06% of the variation within the populations. The pairwise FST estimates (Table 3) over all loci were all significant, ranging from 0.077 (Iceland-northern Norway) to 0.136 (northern Norway-Svalbard). The RST estimates (Table 3) were likewise all significant, and higher, ranging from 0.076 (northern NorwayIceland) to 0.415 (northern Norway-Svalbard).
Population structure based on the D-loop sequence variation supported the structure observed based on microsatellite variation, regardless of the estimator that was employed [i.e. the haplotype distribution (conventional F ST), which reflects recent structure, or the evolutionary genetic distance (FST) of Tamura & Nei (1993) ]. AMOVA results showed highly significant conventional FST FST estimates [conventional FST = 0.229 (P < 0.00001), with 22.93% genetic variation distributed amongst populations, and 77.07 within populations; FST = 0.522 (P < 0.00001), 52.23% variation amongst the populations and 47.77% within the populations]. The pairwise conventional FST and FST estimates between the four areas ranged from 0.066 (south-east Greenland-northern Norway) to 0.439 (Iceland-Svalbard) and from 0.304 (Iceland-northern Norway) to 0.751 (Iceland-Svalbard), respectively (Table 3) . All values were highly significant.
RECENT MIGRATION DIRECTION AND RATES
The estimate of recent migration directions and rates obtained from microsatellite markers is based on migration that has occurred within the last two to three generations (Wilson & Rannala, 2003) (Table 4) . The ancestral location of most individuals in this study was the location where they were sampled. The migration direction suggested by the analyses was from Iceland and Svalbard to south-east Greenland. The other populations indicated low recent migration rates and no directionality.
HISTORICAL POPULATION DEMOGRAPHY
Tajima's (1989) and Fu's (1997) tests were both significant in the Icelandic and northern Norwegian populations (Table 5 ). The highly significant negative FS value (P < 0.00001) in the latter population indicated a population expansion sometime in the past. This was supported by the mismatch distribution pattern generated, which was not statistically different from a unimodal curve (Table 5 , SSD and raggedness index). This pattern is characteristic for a population expansion or a population that has been through a bottleneck. The Icelandic population showed an identical pattern, although not as pronounced as the northern Norwegian population. Svalbard samples demonstrated a similar pattern, but it was weak. None of the populations deviated from a mismatch distribution pattern characteristic for a population expansion pattern (Table 5 ). The moment estimator of the time since expansion, t, for the four populations was estimated (ARLE-QUIN; Schneider et al., 2000) from t ( Table 5 ). The timing of a population expansion in years can be approximated roughly using t = 2ut, where u = mk, and m = mutation rate, k = sequence length, and t = time of expansion. Assuming a mutation rate of 0.075 ¥ 10 -6 substitutions per site per million years (Slade et al., 1998) and a generation time of 8.75 years (Swart, Reijnders & Van Delden, 1996) , expansions took place~4500 years ago (95% CI 1190-20 916 years ago) in south-east Greenland,~1260 years ago (95% CI 613-6950 years ago) in Iceland,~5214 years ago (95% CI 2595-6633 years ago) in Northern Norway, and~900 years ago (95% CI 98-2940 years ago) in Svalbard.
BOTTLENECK
Analyses of a significant drop in genetic diversity as a result of a bottleneck revealed significant heterozygote excess in the Svalbard sample (Table 5) , suggesting a bottleneck effect in this population. However, in the Iceland sample a significant heterozygote deficiency was observed. This deficiency was still apparent in the sample from Iceland when the two Icelandic samples were run separately (data not shown). In combination, these results suggest that these populations are not at mutation drift equilibrium. Significant differences in allele richness between the four P. vitulina populations were detected using a single-factor ANOVA, with Svalbard differing from the other three populations (pairwise single factor ANOVA: Svalbard-northern Norway, F = 8.34, P = 0.009; Svalbard-Iceland, F = 5.68, P = 0.027; Svalbard-south-east Greenland, F = 5.27, P = 0.033).
PHYLOGENY
The phylogenetic tree (Fig. 3) indicated a closer genetic relationship between northern Norway and Iceland compared with south-east Greenland and Svalbard. This pattern was observed applying both Nei's genetic distance (DA; Nei et al., 1983) and Cavalli-Sforza & Edwards' (1967) chord distance (only Cavalli-Sforza & Edwards' 1967 distance is shown), based on microsatellite data. The phylogenetic tree based on the haplotype relationship illustrated by the statistical parsimony network (TCS) (Fig. 4) identified PV15 as the ancestral haplotype. There was a slight tendency towards a geographical division of the haplotypes, i.e. eight (PV1-PV3, PV6-PV10) of the ten observed haplotypes from Iceland were grouped together, all of the Greenlandic haplotypes were grouped together (PV33-PV39), and the haplotypes G4, G5, G6, and G23 observed in the west Atlantic P. vitulina analysed by Stanley et al. (1996) were grouped together. The four haplotypes (PV30-PV32 and G1) found in the Svalbard sample grouped together with the Norwegian haplotypes PV15, PV22, and PV26. Means and 95% CI for data with no information of the non-migration rates: 0.833 (0.675-0.992).
Means and 95% CI for data with no information of migration rates: 0.055 (1.55E -4 -0.218). The populations from which individuals migrated are given in rows, whereas populations where individuals were sampled are given in columns (BAYESASS, Wilson & Rannala, 2003) .
DISCUSSION
Microsatellite and D-loop variation revealed a pronounced population structure among Nordic arctic P. vitulina, identifying four genetically divergent populations. The population in south-east Greenland is thought to be small, and was therefore expected to show low genetic diversity. However, the results of the present study indicate that it has a genetic diversity level similar to that observed in P. vitulina populations in Europe (Goodman, 1998) . The Svalbard population is highly genetically distinct ( Fig. 2; Table 3 ), and shows significantly reduced allele richness compared with the other three populations, as well as indications of a bottleneck resulting from a recent population decline (Table 5) . Furthermore, the haplotype and nucleotide diversity was markedly lower in the Svalbard sample compared with the other areas analysed. Patterns of gene flow imply that very little gene flow connects the Svalbard population with the other P. vitulina populations in the Nordic Arctic. This, together with a rather low effective population size (N e = 90.5, 95% CI 38.9-2296.6) shows that the Svalbard population is a closed, distinct population that might experience a level of inbreeding that reduces the resilience of the population to changes in the environment.
The level of genetic diversity measured as average expected heterozygosity in the four areas in the north Atlantic ( t, mode of the mismatch distribution expressed in evolutionary time (ARLEQUIN, Schneider et al., 2000) and 95% CI in brackets. Bottleneck results are based on microsatellite variation in terms of heterozygote deficiency (Hdef) and heterozygote excess (Hexc) (TPM, two phase mutation model; BOTTLENECK; Piry et al., 1999) . (HO = 0.50) (Goodman, 1998) , but was low compared with the north-east Pacific P. vitulina subspecies (HE = 0.73) (Burg et al., 1999) and other pinnipeds (HE ranging from 0.24 to 0.81; Hoelzel et al., 2001; Palo et al., 2001; Davis et al., 2002; Acevedo-Whitehouse et al., 2003; Hoffman et al., 2009) . Compared with the genetic diversity of the grey seal (Halichoerus grypus) (HE ranging from 0.74 to 0.78; Allen et al., 1995; Graves et al., 2009 ), which has a very similar distribution to P. vitulina (Allen et al., 1995; Kappe et al., 1995; Graves et al., 2009) , the P. vitulina has a lower genetic diversity. This fits with what is expected, given the fact that grey seals travel more broadly than P. vitulina (e.g. Thompson et al., 1996; Cunningham et al., 2009 ).
The haplotype and nucleotide diversity (Table 2 ) was high in seals from Iceland, south-east Greenland, and northern Norway, and was markedly lower in Svalbard. In P. vitulina from Iceland, Stanley et al. (1996) found a haplotype diversity of HD = 0.75 (N = 8), representing three different haplotypes, where one (G22) was a unique haplotype not observed in the other north-east Atlantic areas studied or in the present study. The most frequent haplotypes observed by Stanley et al. (1996) in the Icelandic sample, G1 and G2, were not observed in the present study, despite the higher number of individuals analysed herein. This might indicate the presence of substructure in Icelandic P. vitulina. In the northern Norwegian sample, Stanley et al. (1996) observed a Stanley et al., 1996) and North Sea/Baltic Sea (EB*, East Baltic; IC*, Iceland; NO*, Norway; NS*, North Sea; SC*, Scotland and Northern Ireland; WB*, West Baltic; after Stanley et al. 1996) . Colours indicate the area (see key at bottom of figure) , the size of the coloured segment indicates the frequency of the haplotype in that area, and the size of the circle indicates the number of haplotypes observed in the north Atlantic Arctic and the west Atlantic, including Stanley et al.'s (1996) observations. haplotype diversity of HD = 0.248 (N = 15), representing two haplotypes (G1, G2) that were characteristic for the north-east Atlantic. The present study observed markedly higher haplotype diversity (Appendix 2; Table 2 ), which might be ascribed to either a higher sample size or the two samples might represent two genetically different populations. Stanley et al. (1996) also found haplotypes G1 and G2 in individuals from the North Sea, west Baltic, Scotland, and from Northern Ireland.
The significant heterozygote deficiency F IS > 0 observed at a few loci in some of the samples could be caused by an inbreeding effect, the presence of null alleles, a Wahlund effect, or a sampling effect, whereas FIS < 0 (heterozygote excess) might indicate inbreeding resulting from a very small effective population size, selection, or typing errors. The presence of null alleles could inflate the tests for Hardy-Weinberg proportions; however, only TBPV2 in the northern Norway sample showed both null alleles and significant deviations from HWE. Hence, the deviation observed in the sample from northern Norway might indicate a Wahlund effect, suggesting the existence of different subpopulations in the area. Interestingly, the significant deviation from the HWEs as a result of heterozygote excess observed in the Svalbard sample could be attributed to the low estimated effective population size, and might cause population inbreeding in future generations. This has not been reported earlier from other P. vitulina populations.
In the population structure analysis, only the four loci that differed significantly from the HWE were removed, because the few loci showing indications of null alleles in two of the localities did not influence the HWE, and therefore are not expected to bias the analysis significantly.
The Bayesian clustering analysis performed in STRUCTURE identified four genetically distinct populations: (1) south-east Greenland; (2) Iceland; (3) northern Norway; (4) Svalbard. The assignment criteria used to identify the different populations (Fig. 2) coincide with criteria suggested by Vähä & Primmer (2006) . They showed that STRUCTURE was able to detect all admixed individuals with thresholds of q around 0.20 and an F ST of about 0.06 using 12 microsatellite loci, whereas the detection of parental or resident individuals was close to 60% (Vähä & Primmer, 2006) . This is similar to the differentiation level and number of loci used in the present study.
The suggested clustering was supported by highly significant pairwise F ST and RST, and conventional FST and FST estimates (Table 3A , B), which were high compared with estimates obtained from other pinniped populations (Allen et al., 1995; Stanley et al., 1996; Andersen et al., 1998; Goodman, 1998; Slade et al., 1998; Wynen et al., 2000; Trujillo et al., 2004) .
The structure clearly indicated the existence of separate Svalbard and south-east Greenlandic P. vitulina populations, which is a novel and important finding. Phoca vitulina in west Greenland have suffered a severe decline over the last decade, but this decline has apparently not influenced the seals in south-east Greenland. This suggests either very little exchange between the two areas, or that P. vitulina in west Greenland have shifted their distribution.
Comparing the Icelandic haplotype frequencies and composition observed by Stanley et al. (1996) with the haplotype frequencies from the present study showed highly significant genetic differences (F ST = 0.353; P < 0.001; Tamura & Nei, 1993: distance measure). One explanation could be that the samples analysed by Stanley et al. (1996) might represent a different area, suggesting that there is more than one population within Iceland. For the northern Norway population it was likewise possible to compare the haplotype frequencies between samples analysed by Stanley et al. (1996) and the present study to investigate substructure patterns. Although both haplotypes G1 and G2 were found in both studies, the frequencies in the present study were significantly lower (F ST = 0.322, P < 0.001) compared with Stanley et al.'s (1996) study. This suggests some substructuring in the Norwegian coastal P. vitulina population, which is not surprising given that the samples analysed by Stanley et al. (1996) were collected in Oslofjord, 2000 km from where the samples were taken in northern Norway for this study.
The P. vitulina population at Svalbard is the northernmost population of this species. It is Red Listed because of its small size (Lydersen & Kovacs, 2010) . The high genetic distinctiveness of this population and the migration directions among groups of P. vitulina in this study indicated a rather closed population, which receives migrants very rarely (Table 4) . Individuals in this population are shorter and fatter than P. vitulina in more southerly populations (Lydersen & Kovacs, 2005) . The suggested migration direction indicated that south-east Greenland receives genes from Iceland and Svalbard, which further emphasizes that Svalbard constitutes a rather closed population that does not receive immigrants, but supplies them to other nearby populations with few individuals. This might help explain the survival and surprisingly high genetic diversity of the south-east Greenlandic population.
Recently, Faubet, Waples & Giaggiotti (2007) described performance problems in the algorithm used in BAYESASS (Wilson & Rannala, 2003) . The problems were related to a violation of the underlying demographic model, the level of genetic differentiation, and the number of individuals and loci used in the analysis. However, the authors showed that when the underlying model was the Wright's Island migration model, the level of genetic differentiation was FST 0.05 or higher, the number of individuals in the analysed populations was equal, and the number of loci used was 15, reliable migration rates and direction could be obtained from BAYESASS. The present study met these assumptions, except for the number of loci used, which was 11, but because the genetic differentiation was larger than 0.05, the migration pattern observed is thought to be reliable.
The mismatch analyses was most pronounced in the northern Norwegian sample, suggesting a demographic expansion in this region that dates back to around 590-4600 years BP, which was partly in the Holocene transition period (HTP; 6500-3000 years BP; Anderson et al., 2008) going into the cool lateHolocene period (CLHP) (from 3000 years BP to present day). The HTP was characterized by a gradual cooling of the surface water temperature in the Nordic Seas (Anderson et al., 2008) . Around the Vøring Plateau, off the Norwegian coast, the ocean temperature decreased from~15°C (Holocene climate optimum) to~11°C by the CLHP (Andersen & Koc, 2004) . This temperature decrease would have been advantageous for Atlantic cod (Gadus morhua), as temperatures of~8-12°C degrees are favorable for this species recruitment (Beaugrand et al., 2003; Petersen & Steffensen, 2003) . Furthermore, the fossil record has shown that G. morhua was present in the area from around 9400 years BP (Ramberg et al., 2008) . As members of the cod family are the favoured prey of P. vitulina in many areas (e.g. Hauksson & Bogasson, 1997; Andersen et al., 2004b) , the population expansion of the P. vitulina during the estimated period is plausible, and may be linked to resource availability.
The Svalbard population expansion (although very weak) could be dated back to around 1100 years BP. This period is referred to as the 'Medieval Warm Period' (MWP), and it is the time during which the Vikings settled in Iceland and south-east Greenland (Folland et al., 2001) . In the Arctic, the MWP has been noted in studies of ice cores in Greenland (DahlJensen et al., 1998) , tree rings in Swedish Lapland and northern Siberia (Grudd et al., 2002; Naurzbaev et al., 2002; Helama et al., 2009) , and 14 C isotopes in plants in Arctic Canada (Anderson et al., 2008) . Mean temperatures in the Northern Hemisphere were 0.2°C warmer in this period compared with the 15 th century (Crowley & Lowery, 2000) , suggesting conditions that were more suitable for P. vitulina to expand northwards to Svalbard.
Genetic consequences of population declines have been observed for a number of pinniped species, the most notable one being a significant reduction in genetic diversity (bottleneck effect). Kappe et al. (1997) suggested a possible connection between the last glaciations in the North Atlantic and a bottleneck effect in P. vitulina, explaining the apparent lack of genetic diversity observed in minisatellite DNA markers. Bottleneck effects have been observed in the Guadalupe fur seal (Arctocephalus townsendi; Weber et al., 2004) , the Mediterranean monk seal (Monachus monachus; Pastor et al., 2004) , the Hawaiian monk seal (Monachus schauinslandi; Kretzmann et al., 2001) , the South American fur seal (Arctocephalus australis; Oliveira et al., 2009) , and the northern elephant seal (Mirounga angustirostris; Hoelzel, 1999) . In the present study, a bottleneck effect was detected in the Svalbard population, but not in the other three populations analysed (Table 5 ). This might be attributed to a lack of power in the method used to detect bottlenecks because of the number of generations elapsed since the population size reduction. Andersen et al. (2009) showed that the algorithm in BOTTLENECK v1.2 (Piry et al., 1999) could detect a bottleneck after 50 generations and N e = 100 based on 11 microsatellite loci, but the power was reduced when Ne increased. Hence, population declines in the other three populations are too recent to be detectable, are not of sufficient magnitude to be serious (their effective population sizes are larger), or finally P. vitulina have shifted their distributional range(s). The latter might be the case for the south-east Greenlandic population, given the low numbers reported in Greenland (Rosing-Asvid, 2010) and the rather high level of genetic diversity observed in our south-east Greenland sample.
In a closed population, heterozygote deficiency detected using a bottleneck test might indicate a recent population expansion, but another explanation is the Wahlund effect, suggesting the existence of more subpopulations in the sample. Given the way the samples from Iceland were collected, i.e. 16 from a tannery in Greenland and 18 from Iceland proper, the later explanation is more plausible. Testing the two samples separately indicated that the Icelandic sample might represent more than one subpopulation, although this was not observed in the HWE test.
The estimated N e (90.5, 95% CI 38.9-2296.6) in the Svalbard population was low. Ne can be used as a measure of the rate of genetic drift, and is thus related to the rate of loss of genetic diversity, and hence the level of inbreeding (Wright, 1969) . Using the available census information for P. vitulina on Svalbard, the relationship between effective population size and census population size (N e/N) = 0.091, which is at the same level reported by Frankham (1995) (mean Ne/N = 0.11) for animal populations. This mean Ne/N estimate is based on both fluctuating population sizes, unequal sex ratios, and variance in family size, and is thus a long-term effective A POPULATION ON THE EDGE: P. VITULINA 431 population size estimate. The loss of heterozygosity in the neutral markers (microsatellites) in the Svalbard population will be equivalent to 1/2Ne or 0.0056 per generation, which suggests that half of the heterozygosity will be lost within~244 generations, based on the He obtained in the present study. This will increase the inbreeding effect, and further declines in diversity will impact the population viability negatively. The Svalbard population also had significantly lower allele richness compared with the other populations, supporting the results of the bottleneck analysis.
Surprisingly, the phylogenetic relationship implied a closer genetic relationship between the Iceland and northern Norway populations, compared with the other two populations. Given the closer geographical distance between south-east Greenland and Iceland, a closer genetic relationship might be expected between these two groups compared with the other populations, but the major ocean current along eastern Greenland runs southwards, and at the tip of Greenland, south-westwards. This current is strong and might inhibit P. vitulina movements between Iceland and Greenland. The relationships demonstrated among our study populations might be a signal of migration mediated through the more or less continuous historical distribution of P. vitulina going from Scotland to Shetland and the Faroe Islands, and further to Iceland and Norway, which might in part be mediated by the northward flow of water in the North Atlantic Current. Goodman (1998) identified large open sea areas as a major barrier to dispersal in P. vitulina.
The phylogenetic haplotype relationship (Fig. 4 ) supported the suggested closer relationship between Iceland and northern Norway, with fewer mutations separating the more frequent haplotypes observed in these two areas. Furthermore, many of the haplotypes found in the south-eastern Greenlandic sample (PV33, PV34, PV35, PV36, PV37, and PV39) were more closely related to P. vitulina from the Western Atlantic (Fig. 4) . Stanley et al. (1996) defined the haplotypes G4, G5, G6, and G23, suggesting possible connections between these two areas, and raising a question as to whether the P. vitulina in the western Atlantic and west Greenland belong to the same subspecies, either Phoca vitulina concolor or Phoca vitulina vitulina. This issue requires further investigation.
In conclusion, this study revealed a pronounced population structure across north-east Atlantic P. vitulina populations, with indications of substructure within Iceland and coastal populations in mainland Norway, and very limited gene flow between the four populations studied. Further studies are needed to look into population substructure within the Icelandic and Norwegian mainland populations. Our results demonstrate that the northernmost habour seal population, in Svalbard, is isolated. This population has low levels of genetic variation at both mitochondrial and nuclear levels, and a low effective population size, and might experience inbreeding to a level that may reduce its resilience to climate change, disease outbreaks, or other perturbations. Monitoring of this vulnerable population should be implemented immediately.
APPENDIX 1
The 15 microsatellite markers used (see below for references). Observed (Ho) and expected (He) heterozygosity, allele number. (A), Allele richness (AR), deviations from HWE (FIS), number of individuals (N) and allele-range for the four sampling areas. A POPULATION ON THE EDGE: P. VITULINA 437
